The exergy of nuclear radiation is evaluated by using a simple quantum statistical thermodynamic approach. Only radiation particles with non-zero rest mass are considered (i.e. protons, neutrons, alpha and beta particles). The exergy and the exergy flux involve efficiency-like factors affecting the internal energy and the energy flux, respectively. These factors are generally different from both the usual Carnot factor and the Petela-Landsberg-Press factor that appears in the exergy of blackbody radiation. The efficiency-like factors are higher in the case of charged rather than neutral particles and in the case of enclosed rather than free radiation. The results are compared with those obtained previously by using a classical thermodynamic theory.
Introduction
The excellent review paper on exergy issues [1] covers the literature up to 2004. Its references list, with more than 2600 entries, contains no single article referring to the exergy of nuclear radiation. This is quite surprising, taking into account that the exergy of thermal radiation for example was often considered in the literature (for a review on this subject see [2, 3] ). In a recent letter [4] we proposed a simple classical statistical thermodynamic approach for the exergy of nuclear radiation, based on the Weisskopf theory of evaporated compound nucleus. In this work we
Exergy of enclosed nuclear radiation
The standard compound nucleus (CN) theory describes a nuclear reaction by a two-stage mechanism:
where and are the incident and the emitted particle, respectively, while X and Y are the target and the residual nucleus, respectively. A few details about Weisskopf's compound nucleus theory are given in [4] . Definitions for the most important flux quantities used in [4] and in this paper are shown in Table 1 . Table 1 . Quantities related to the flux of property Ξ (which may be the number of particles N, the energy U or the entropy S). Here θ and are incidence and azimuth angles, respectively, while Ω is the solid angle covered by all directions of particles of energy and velocities
1
Number of particles
4 Helmholtz free energy 
Exergy flux density
Efficiency factor 
Energy flux density
4 Helmholtz free energy flux density
A volume V containing material that emits particles is now considered. One denotes by N( ) the number of particles in V with energy between and +d , given by the product between the number of energy states ( ) and the state occupation number ( ):
In [4] we showed that:
where B is a kinetic constant defined by Eq. (14a) of [4] , C ( C ) is a function related to the Coulomb barrier C inside the compound nucleus and T is the temperature of the emitted particles. For neutron emission the Coulomb barrier vanishes, resulting in C ( C ) = 1. When emission of protons is considered, C ( C ) = 1 − C / and only energy levels with ≥ C are allowed (for details see [4] ). Both ( ) and ( ) in Eq. (2) are obviously non-equilibrium quantities, which are only formally similar to Boltzmann-like (equilibrium) quantities. This is easily seen in the case C > 0, when C ( C ) vanishes for ∈ (0 C ) and no energy state and emitted particle exist on this energy interval (other details and comments are given in [4] ).
The number of particles N in volume V and their energy U is obtained after integration over all energy levels between C and the maximum allowed energy . Results are shown in lines 1 and 2 of Table 2 , where, the following notation has been used ( C ≡ C /( T ) and ≡ /( T )):
The entropy S of the particles inside volume V is defined in Eq. (line 3, column 2) of Table 2 . Two statistical approaches may be used there, with appropriate functions ( ( )):
Both functions in Eq. (6) apply to general non-equilibrium states. The first (classical) approach, with the entropy Eq. (6a) built on the Boltzmann statistics, was presented in [4] . The second (quantum) approach is the contribution of this paper and uses the entropy Eq. (6b) based on Fermi statistics. The Boltzmann statistics assume the systems consist of distinguishable (classical) particles (boltzons), while Fermi statistics are best suited for non-distinguishable particles obeying Pauli's principle (fermions). All types of non-zero rest mass particles emitted by the nucleus are fermions. Thus, the approach based on Eq. (6b) provides a more realistic description than that based on Eq. (6a), which may be seen as a (classical) approximation. A few comments about a subtler problem follow, these refer to the consistency of combining the Boltzmann-like occupation number Eq. (4) with the entropy Eq. (6b) based on Fermi statistics. The entropy relationships Equations (6a) and (6b) reach their maximum at equilibrium, when ( ) is given by the Boltzmann and Fermi-Dirac occupation numbers, respectively. However, both Equations (6a) and (6b) may be used out of equilibrium, with ( ) appropriately defined. The occupation number Eq. (4) predicted by the Weisskopf theory, though formally similar to a Boltzmann distribution, is such an example of a non-equilibrium quantity, as explained above (for more details see [4] ). Various thermodynamic quantities evaluated by using both the quantum and classical approaches are shown in lines 3 to 8 of Table 2 . The following notation has been used
The results of the classical approach were discussed in [4] .
A few comments about the results of the quantum treatment follow. The Helmholtz free energy F is a negative quantity, because 1/2 ( C ) < 0 . Also, the pressure was derived from the thermodynamics relationship U − T S + V = µN(= 0), and this finally yields the result in Eq. (5,2) of Table 2 . The pressure is a positive quantity, as expected. From Equations (3,4) and (6, 4) in Table 2 one sees that:
This means that in the quantum approach the enthalpy behaves like heat in classical thermodynamics. Note that in the classical treatment, S = U/T (i.e. internal energy behaves like heat in classical thermodynamics) and both the free energy and the pressure vanish. Use of Equations (2,4), (3,4) and (5,2) in Table 2 yields the state equation for the nuclear radiation:
Equation (9) is similar to the state equations of other simple Fermi systems where potential energy is neglected. The exergy of nuclear radiation was defined and commented on in [4] . The dead state consists of nuclear radiation at temperature T 0 (its pressure 0 is a unique function of T 0 , see Eq. (5,4) in Table 2 ). The system exergy X is given by [4] :
where U 0 , S 0 and V 0 are the dead state extensive properties. Use of Eqs. (2, 4) , (3, 4) and (5, 4) in Table 2 for T = T 0 and V = V 0 shows that the dead state Gibbs free energy vanishes (U 0 − T 0 S 0 + 0 V 0 = 0). This is consistent with previously derived properties of nuclear radiation. Then, the employment of Eq. (10) and Eqs. (2, 4) , (3, 4) and (5, 4) in Table 2 yields the result Eq. (1a,4) in Table 3 . The exergy is expressed in terms of the internal energy and the efficiency-like factor η X defined in Eq. (1b,4) of Table 3 , which contains the environment and radiation temperatures. This efficiency factor is different from the usual Carnot factor appearing in the exergy of heat, for example, as well as in the classical theory (see Eq. (1b,3) in Table 4 Table 3 one finds:
These properties are similar to the properties of the wellknown Petela-Landsberg-Press factor 1 − (4/3)(T 0 /T ) + (1/3)(T 0 /T ) 4 that appears in the exergy of enclosed blackbody radiation [2] .
Exergy of nuclear radiation flux
Some flux properties of nuclear radiation are shown in Table 4 for both the quantum approach and the classical approximation. The coefficient C is defined by Eq. (31) of [4] . Equations (1,4) and (2, 4) in Table 4 show that the particle number flux density and the energy flux density of nuclear radiation are proportional to the second and third power of the effective temperature T , respectively. This applies to both the classical and quantum approaches. Use of Eqs. (2, 4) and (3, 4) in Table 4 allows us to write in the quantum case
. This is different but rather similar to the case of blackbody radiation, where J S = (4/3)(J U /T ). In the classical approximation, Eqs. (2,3) and (3,3) of Table 4 yield J S = J U /T . Thus, the energy flux density of nuclear radiation in the classical description has the property of a heat flux density, associated to a null Helmholtz free energy flux density. A simple model was developed in [4] to evaluate the exergy flux density of free nuclear radiation:
Equations (2,4) and (3, 4) in Table 4 are used twice, for T and T 0 , respectively. Using Eq. (12) one finds the exergy flux density given in Eq. (2a,4) of Table 3 . This flux density is expressed in terms of the energy flux density and an efficiency-like factor η J X defined in Eq. (2b,4) in Table 4 , which contains the environment and the radiation temperatures. One sees that in the quantum approach the factor η J X affecting the energy flux is different from the usual Carnot factor appearing in the exergy of a heat flux, as well as in the classical approach (see Eq. (2b,3) in Table 3 Table 3 one finds:
Generally, η J X is different from η X . Table 3 as a function of the ratio T 0 /T for both neutrons ( C = 0) and protons ( C ∼ = 3 MeV; this is a rough value for protons in an oxygen nucleus [8] ). The classical approximation overestimates the efficiency (Fig. 1) . The efficiency-like factors are higher in the case of charged rather than neutral particles and in the case of enclosed rather than free radiation.
Conclusions
In the recent paper [4] the exergy of nuclear radiation was evaluated by using a classical statistical thermodynamics approach. Here we used a quantum statistical thermodynamics treatment, providing a more realistic description. Equations (1a,4) and (2a,4) in Table 3 are important findings of this paper. They show that in the quantum approach the exergy (or the exergy flux density) of nuclear radiation is given by the energy (or the energy flux density) times an efficiency-like factor η X (or η J X ), given by Eq. (1b,4) (or Eq. (2b,4)) in Table 3 , containing the ambient temperature and the nuclear radiation temperature. Both factors η X and η J X are different from the Carnot factor affecting the internal energy (or the energy density flux) in the classical approach, as well as in the usual case when the exergy of heat (or of heat flux) is computed. The Carnot factor is always associated to a classical approximation (i.e. an entropy based on Boltzmann statistics).
The efficiency-like factors shown in Table 3 prove that the available work is higher in the case of charged rather than neutral particles and in the case of enclosed rather than free radiation.
